The unsteady flow field of an axial-flow turbine rotor was investigated experimentally using an LDV system. Detailed measurements of the time-averaged and time-dependent distributions of the velocity, the flow angle, and the turbulence intensity were carried out. The obtained data was analyzed from the viewpoints of both absolute (stationary) frame of reference and relative (rotating) frame of reference. This paper focuses on the effect of the turbine nozzle secondary vortices (passage vortices combined with trailing edge vortices) near the hub endwall on the flow field inside the rotor passage. The nozzle passage vortex are accumulated on the rotor suction surface because of both the negative jet effect of the nozzle passage vortex itself and the formation of the rotor passage vortex. The nozzle passage vortex induces large fluctuations of velocity and turbulence intensity inside the rotor. On the rotor suction surface, the maximum value of the turbulence intensity at the nozzle passage vortex region is as much as 18%.
Introduction
The flow field around turbine blades is considerably unsteady and complex due to "rotor-stator interaction," the aerodynamic interaction between the turbine nozzle (stator) and the turbine rotor. Boundary layer behavior, loss generation, secondary vortex growth, and heat transfer in turbines are strongly affected by the rotor-stator interaction. Even though unsteady flow plays an important role in axial-flow turbines, turbines are mainly designed using steady-flow calculations. Because few actual models exist for the loss-generating mechanisms seen in unsteady flow, empirical correlations are used to account for the effects of unsteadiness. One successful method for simulating the unsteady flow field within multistage turbomachinery has been actualized by the work of Adamczyk (1) , (2) . More knowledge on unsteady rotor-stator interaction is, however, essential to increase the performance of turbines (Sharma et al., (3) , Kost et al., (4) ). Although a variety of measurement techniques can easily be applied to the flow field within the stationary blades, difficulties arise with measurements of the flow field within the rotating blades. Direct measurements of turbine rotor flows using rotating devices have been conducted by Hodson (5) and Chaluvadi et al. (6) . Binder et al. (7) , Zaccaria and Lakshminarayana (8) , Matsunuma (9) , Göttlich et al. (10) , and Schennach et al. (11) used laser measurement systems, such as laser two-focus velocimetry (L2F), laser Doppler velocimetry (LDV) and particle image velocimetry (PIV). Sharma et al. (3) , Binder et al. (12) , and Gallus et al. (13) used hot-wire probes in a stationary frame downstream of the rotor. Since no reliable computational analyses are available to compute unsteady turbine rotor flows (Halstead et al., (14) ), detailed experimental data will make a major contribution to the establishment of theoretical studies of unsteady three-dimensional computational fluid dynamics (CFD) analysis. In AIST, LDV measurements were successfully applied to capture the unsteady flow field around an axial-flow turbine rotor. The overall flow fields around the turbine rotor are described in the previous publication (9) . In particular, this paper focuses on the effect of turbine nozzle secondary vortices (passage vortices combined with trailing edge vortices) near the hub endwall on the turbine rotor flow, because the hub secondary vortices generate extremely high total pressure loss region (9) . The blade geometries and measured data including movies can be obtained on request by e-mail to the author, and can be used for CFD code verification. The movies of the unsteady flow will also serve as effective resources for the education of gas turbine engineers. Figure 1 shows the annular turbine wind tunnel used in the experiment. This wind tunnel is an air suction type, open circuit facility. The total length of the wind tunnel is approximately 3.8 meters. The outside and inside annular wall diameters of the test section are 500 mm and 350 mm, respectively. A single-stage axial-flow turbine designed using a free vortex method to attain radial equilibrium was installed at the test section. The geometries and specifications of the turbine nozzle and rotor cascades are shown in Fig. 2 , Fig. 3 , and Table 1 . Figure 4 shows a photograph of the wind tunnel and the measurement system. The LDV system was a standard two-color, four-beam, two-dimensional measuring system with a fiber-optic probe (System 90-3, TSI Inc.). The system consisted of a 4 W argon-ion laser tuned to 488 nm (blue) and 514.5 nm (green) output. The fiber-optic probe was mounted on a three-dimensional traverse gear. The half-angle between the beams was 4.29 deg. and the calculated dimensions of the measurement volume at e -2 intensity locations were 0.85 mm in length and 0.073 mm in diameter. Dantec Safex standard fog fluid with a mean particle diameter of 1.068 µm was used to seed the flow. The liquid was atomized using a Dantec Safex Model 2001 fog generator. Tracer particles were introduced into the test section from the wind tunnel inlet. An incremental rotary encoder (1,800 pulses/revolution) was attached to the rotor shaft to detect the rotor angular position. An automatic measurement system controlled by a personal computer was adopted in this study, and all measured data were stored on a hard disk in the computer. Figure 5 shows the LDV measurement locations around the rotor. Measurements were taken at 44 axial locations from immediately downstream of the nozzle to downstream of the rotor (an axial interval of 2 mm), 21 spanwise locations (from 3.3% span to 96.7% span), and 32 pitchwise locations for one pitch of the nozzle. Ninty-seven pitchwise data (three nozzle pitches) were displayed in the subsequent data analysis to make the flow clearly intelligible. The green lines marked (a), (b), (c) show the radial locations in Figs. 6-9. Since two-dimensional LDV was applied, the velocities in two directions (axial and circumferential velocities) were measured. At each measurement point, 10,000 instantaneous velocity samples were collected. Ensemble averaging of the instantaneous velocity data was performed with the help of the rotor encoder signal. According to ANSI/ ASME performance test codes (15) , the LDV measurement uncertainties of time-resolved relative velocity and turbulence intensity in the free stream regions are 0.0283 (2.83% of the reference velocity) and 0.66%, respectively. It should be noted that this paper describes rotor synchronous unsteady effects because the ensemble averaging purges all nonrotational effects, such as boundary layer instabilities, trailing edge vortex shedding, etc. All data presented in this paper are nondimensional. The time-averaged, pitchwise-averaged, and spanwise-averaged relative velocity V 2 at the rotor exit made the velocity and turbulence intensity in the relative frame of reference dimensionless. Details of the data analysis method can be found in the previous publication (9) .
Experimental Facility and Method

Annular wind tunnel
Measurement system and data analysis
Experimental conditions
The axial velocity at the test section was 4.47 m/s and the rotor speed was set at 402 rpm to attain the design rotor inlet flow angle condition. The Reynolds number based on the chord length and exit velocity of the nozzle and the rotor were Re out,NZ = 4.7 x 10 4 , and
Re out,RT = 3.5 x 10 4 , respectively.
The turbulence intensity of the free stream at the inlet of the test section is 0.5%. The spanwise distributions of static pressure, absolute velocity, and total pressure loss at the nozzle inlet, and the endwall boundary layer data at hub and tip of the nozzle inlet are found in Fig. 10 and Table 3 in the previous publication (9) .
The Mach numbers based on the time-averaged velocities at the nozzle inlet, nozzle outlet, rotor inlet, and rotor outlet were Ma in,NZ = 0.013, Ma out,NZ = 0.031, Ma in,RT = 0.014, and Ma out,RT = 0.027, respectively. Therefore, the flow in this experiment was considered to be incompressible because the Mach number was very low. Figure 6 shows the time-averaged relative velocity distributions Vm Rel and relative velocity vectors at three spanwise (radial) locations near the hub endwall. Figures (a) -(c) in Fig. 6 indicate the distributions at Y/H = 0.07 (7% span, nearest the hub endwall), Y/H = 0.13 (13% span), and Y/H = 0.22 (22% span), respectively. The vectors of the relative velocity are also superimposed on the figures. In this figure, there are white-colored shadow regions around the rotor where no LDV measurements could be taken due to optical blockage. In Fig. 6(a) nearest the hub endwall, the velocity vectors indicate the rotor secondary flow toward the rotor suction surface from the pressure surface. The secondary flow sweeps up the inlet endwall boundary layer fluid on the rotor suction surface and generates rotor passage vortices. Generally, the passage vortices occur due to the distortion of the vortex filament of the inlet boundary layer passing with the flow through a curved passage (Sieverding (16) ). In Figs. 6(b) and 6(c), the low velocity regions caused by the passage vortices are observed widely at the rotor suction side. Figures 7 and 8 show the time-resolved unsteady distributions of relative velocity V Rel and turbulence intensity Tu Rel in the relative frame of reference at three spanwise locations near the hub endwall at time index t = 1/32T NZ , where T NZ indicates the time period of one-pitch motion of the nozzle in the relative coordinate system. The three spanwise locations are also shown in Fig. 5 (green lines marked (a)-(c) ).
Results and Discussion
Time-averaged hub endwall flow around rotor
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Time-resolved hub endwall flow
In these figures, the centerlines of the nozzle wake and the nozzle passage vortex are indicated by the black solid lines and the black dashed lines, respectively. Figure 9 shows the enlarged view of the time-resolved turbulence intensity downstream of the nozzle trailing edge region in Fig. 8(b) and explains the detection method of the centerlines of the nozzle wake and the passage vortex. The centerlines are detected as the lines connecting the peaks of the high turbulence intensity regions.
In each figure, the straight lines of the nozzle wake (the black lines) are distorted by the flow field around the rotor. In Figs. 7(b) and 8(b) , the lines of the nozzle passage vortex (the black dotted lines) are also distorted by the rotor flow fields. In Fig. 8 , the high turbulence intensity regions of nozzle wake and nozzle passage vortex accumulated on the rotor suction surface by the "negative jet effect" (Hodson and Dawes (17) ) observed later in Figs. Figure 10 shows the time-resolved distributions of contour plots of perturbation velocity and perturbation vector fields in the relative frame of reference at three spanwise (radial) locations near the hub endwall at time index t = 1/32T NZ . The perturbation velocity Vp Rel (periodic fluctuation velocity component) is defined here as
where V Rel and Vm Rel are the time-resolved velocity in Fig. 7 and the time-averaged velocity in Fig. 6 , respectively. Therefore, the perturbation velocity will be negative in low velocity regions relative to the time-averaged velocity. The perturbation vector fields are also calculated by the subtracting the time-average velocity vectors in Fig. 6 from the time-resolved velocity vectors in Fig. 7 . The negative jet effect inside the rotor is clearly seen in the perturbation vector fields, which are headed from the rotor pressure surface to the rotor suction surface within the nozzle wake and passage vortex regions. In Fig. 10(b) , the nozzle passage vortices generate large negative perturbation velocity regions. Figures 11 and 12 show enlarged views of the time-resolved distributions of turbulence intensity Tu Rel and perturbation velocity Vp Rel at three spanwise locations near the hub endwall at time index t = 1/32T NZ , indicated by the brown dashed-line squares in Figs. 8 and  10 . The complicated deformation of the nozzle wake is clearly observed in the high turbulence intensity regions, as indicated by the black line in the figure. In Fig.11 , although the centerlines of nozzle wake (the black solid lines) indicated by the high turbulence intensity regions are almost straight, the centerlines of nozzle passage vortex are slightly distorted by the rotor flow field. In Fig. 12 , the negative jet effects of the nozzle wake and passage vortex are straightly headed to the nozzle trailing edge direction. In Fig. 13(b) , the centerlines of nozzle passage vortex (the black dashed lines) are strongly distorted by the rotor flow field and the high turbulence intensity region of the nozzle passage vortex is accumulated on the rotor suction side. In Fig. 14 , the negative jet effects of the nozzle wake and passage vortex are headed from the rotor pressure side to the suction side. To understand the flow mechanisms near the hub endwall regions in Figs. 11 and 13 , observation from the axial-radial planes is effective. Figure 15 shows the time-resolved turbulence intensity Tu Rel at three axial-radial planes at rotor inlet near hub endwall (from hub to midspan). Fig. 15(a) , two nozzle wakes and one nozzle passage vortex exist in each figure. Lines 1-3 are located between the left nozzle wake and the nozzle passage vortex. At t = 17/32T NZ in Fig. 15(b) , however, one nozzle wake and one passage vortex exist in each figure. In Fig. 15(b) , the high turbulence intensity region of the nozzle passage vortex near the rotor suction side (Line 1) is larger than that near the rotor pressure side (Line3). This occurs because the nozzle passage vortex accumulates on the rotor suction surface due to the flow movement from the pressure side to the suction side caused by the negative jet effect. The concentration of a high turbulence intensity region of the nozzle passage vortex on the rotor suction surface is also accelerated by the movement of the rotor hub-endwall boundary layer from the pressure side to the suction side according to the static pressure gradient (rotor passage vortex). Figure 16 shows the turbulence intensity distributions close to the turbine rotor suction surface near hub endwall. Figure 16 (a) shows the time-averaged distribution. The main flow moves from right to left in the figure as indicated by the light green arrow in the figure. Near the midspan, a boundary layer region associated with the high turbulence intensity was observed behind the thick boundary layer onset line (the black dotted line), because of the rapid growth of the boundary layer flow at the adverse pressure gradient region on the rear part of the suction surface. Near the hub endwall, a rotor passage vortex generates a high turbulence intensity region (the purple dashed line). The rotor passage vortex rolls up on the suction surface and reaches the spanwise location of Y/H = 0.36 at the rotor trailing edge. Fig. 16(b-1) at t = 1/32T NZ , the nozzle wake and nozzle passage vortex are observed near the rotor leading edge. The spanwise location of the nozzle passage vortex is Y/H = 0.12 in this figure. As time advances (Figs. 16 (b-1) to (b-8) ), the nozzle passage vortex moves downstream along the upper side of the rotor passage vortex (the purple dashed line). In Fig. 16(b-7) , the nozzle passage vortex rolls up to Y/H = 0.41 near the midspan of the rotor trailing edge. The maximum value of the turbulence intensity at the nozzle passage vortex region is approximately 18% (in Figs. 16 (b-4) to (b-6) ).
Deformation of nozzle passage vortex and wake at rotor inlet
Time-averaged and time-resolved rotor suction surface flow
Conclusions
In AIST, Laser Doppler velocimetry (LDV) was successfully used to obtain experimental data on the time-resolved unsteady flow fields around the rotor of a single-stage axial-flow turbine. This paper describes particularly the unsteady aerodynamic interactions between the turbine nozzle passage vortices and the turbine rotor flow near the hub endwall, as summarized below.
1. The nozzle passage vortex are accumulated on the rotor suction surface because of both the negative jet effect of the nozzle passage vortex itself and the formation of the rotor passage vortex;
2. The nozzle passage vortex induces large perturbation of the rotor flow field. At the rotor inlet, the periodic fluctuations of the relative velocity and turbulence intensity by the nozzle passage vortex reach 0.2 (20% of the mean exit velocity) and 10%, respectively; and 3. On the rotor suction surface, the nozzle passage vortex rolls up to Y/H = 0.41 near the midspan of the rotor trailing edge along the upper side of the rotor passage vortex. The maximum value of the turbulence intensity at the nozzle passage vortex region is as much as 18%.
The turbine geometry and the experimental data including movies of unsteady flows can be obtained on request by e-mail to the author, to support understanding of unsteady three-dimensional flows and the validation of unsteady CFD codes. The movies of the unsteady flow will also serve as effective resources for the education of gas turbine engineers.
